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Abstract 

An experimental investigation of the effects of aft 
blowing on the asymmetric vortex flow of a slender, 
Symmetric body at high angles of attack has been 
conducted. A 3.0 caliber tangent ogive body fit 
with a cylindrical afterbody was tested in a 
tunnel under subwnic, laminar flow test cond J tl °“* 
Asymmetric blowing from both a single nossle and 
a double nossle configuration, positioned near the 
body apex, was investigated. Aft blowing was ob- 
served to alter the vortex asymmetry by moving th 
blowing-side vortex closer to the body surface whde 
moving the non-blowing-side vortex further away 
from the body. The effect of 

ing coefficient was to move the blowing-side vortex 
closer to the body surface at a more upstream toca, 
tion. The data abo showed that blowmgwasmore 
effective in altering the initial vortex asynmetry at 

the higher angles of attack than at the lower. The 
effects of changing the nossle exit geometry were 
vestigated and it was observed that blowmg 
nossle with a low, broad exit geometry was more ef- 
fective in reducing the vortex asymmetry than bio - 
mg from a high, narrow exit geometry. 
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Tntrodpction 

The flight of high-performance aircraft at high an- 
gles of attack is compromised by the effects of the 
forebody vortices which form and shed asymmetri- 
cally. These asymmetric forebody vortices can pro- 
duce side forces and yawing moments which may 
render control of the aircraft difficult or even impos- 
sible This problem is compounded at the higher an- 
vies of attack by the fact that the conventional con- 
trol surfaces (vertical and horisontal stabiliser.) are 
washed out by the wake of the fuselage and wings. 
The combat agility requirements of present and fu- 
ture generation high-performance aircraft dictate 
the need for controlled flight at high angles of at- 
tack and thus there is a strong motivation to con- 
trol the forebody vortex asymmetry in this flight 
regime. 

A substantial body of evidence has been produced in 
experimental 1-4 and numerical 5- * studies which in- 
dicates that the forebody vortex asymmetry config- 
uration is produced by small imperfections in the Up 
of the forebody. Many techniques have been studied 
to control this vortex asymmetry; a recent review 
ha. been presented by Ericsson 7 . These technique, 
include nose bluntness, body reshaping, boundary 
layer trips, forebody strakes, and forebody suction 
and blowing. The forebody blowing techniques 
include normal, forward and aft blowing with re- 
spect to the model surface. The previous research 
in the area of aft blowing has brought about much 
knowledge in the area of forebody vortex control. 
For example, a control m ec h ani s m has been sug- 
gested in reference. 13-14 for vortex control by jet 
blowing and is sketched in Figure l 0nce bl °^ 
ing is initiated on the leeward side of the body, the 
jet entrainment moves the blowing-side separation 
leeward, thus the vortex on the blowing side of the 
body moves do** to the body. Due to the coupling 
of the leeside vortices, the non-blowing-side vortex 
moves further from the body surface and the sep- 
aration on the non-blowing side moves windward. 
Based on this control model, the jet blowing func- 
tiona primarily to control the flow separation by en- 
trainment due to the jet. Previous research ha. al*> 
shown that (l)the optimal axial locauon of jet blow- 
ing is found to be as close as possible to the forebody 
apex since jet blowing at this position can most in- 
fluence the flow separation and the strong interac- 
tion between the vortices; (2)the arimuthal location 
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of the jet blowing is found to be optimal in the range 
120° to 150°, measured from the windward ray, and 
2), he b„el». .yBem of ...to. tototo- to* 

fecUvenes* EStoEto 

forebody «”w»» « «“ ta ** tot ‘"SSiS’ 
only a small degree of vortex asymmetry. 

Although previous retorto. hu.e dem^W to 
the potentUl of uft blowing to provide 
tex control, queBion. ito ..g^g the H.id dy 
n&mic nature of the aft blowurg ''bntqne Pre« 
on. experiment, have examined the •"“L**? 

»f “'owd.s - “ -3- "Si 22Z 

of th. fiowfieid in the ”“^' P . ibdeto 

lated forebody model was conducted. The objective 

of this study is to obtain further majgj 1 “ 
mechanisms of aft blowing through detailed mea- 
“«mTts of surface pressures and flow visuahsation 

LTeLr-Up regton. The effee.t.ene- of »y»- 

metric aft blowing from both a mngle 

doable no.de configuration wa. W-W-* ™ 
efFects of angle of attack, magnitude of blowing, 

d asLuthal blowing nos.le locations are ex- 
In udditiou, the effect of the no.de 
geometry on the blowing effectiveness is 
tigated. 

a pp-wta. and Procedure 


Wind Tunnel 

All experiments were conduct*! in the North C«; 
olina State Univerdty Sabsontc Wind , 

ity Figure 2. This is a closed return win 
iSh a mttling chamber to teat medon -«■ 

r“:"ioc^"“-“— - 

nS?e£^ris izzx: 

ventilated to ,00m p.emure through ‘ £ 

cated at the downstream end of the tea 
The test section is 0.81m in hel 8^> 11 
and 1.17m in length and equipped wtffc plexus 

sides and top to permit 6 

section velocities were regulated by a The 

fan located downstream o , * tv was 17.2 

maximum attainable test section ve 

m/s. 


Ogive Model 

The model used for testing was a 3.0 caliber tan- 
gent ogive body fitted with a removable nose tip 
Ld a cylindrical afterbody as shown in Figure 3. 
Se model was hollow and of aluminum construc- 
tion. Three circumferential rows of pressure taps 
were located on the ogive portion of the model, a 
the locations shown in Figure 3. The ‘worow. of 
pressure taps located nearest the model apex, rows 
1 and 2, had an asimuthal tap spacing of 15 whde 
row 3, the row farthest from the model apex, had 
an asimuthal tap spacing of IV. Tb* 
the pressure tap. are tabulated in Table 1. The 
model was rigidly mounted on a circular arc sting 
balance. A stepper motor, attached to the stang 
balance mid controlled by a computer, was used to 
provide variation of the angle of attack. A cy 
drical plenum chamber, with internal dimensions of 
8.1cm in length and a diameter of 2.1cm, was firmly 
secured to the internal wall of the model. Dn 
pressurised air, supplied from ^ external source 
was routed along the sting, through the base of the 
model and to the plenum, while short lengt 
tygon tubing supplied air from the plenum to the 

blowing no**le. 

Figure 4 shows a schematic of a removable nose tip 
with the exit of the blowing no.sle located at an 
axial location of x/D = 0.125. The blowing no.sto 
weie designed to blow aft, along a model meridian 
and tangential to the surface of the body. Previous 
work conducted by Moskoviti’ showed that as com- 
pared to a discrete surface perturbation of a pointed 
• penurb»Uon of. blunt tto« Up wu. .to 
likely to develop vortex asymmetries due to surface 
1‘C. o, tnLhtotg imperfetio... Thu. for to 
‘ »f thil Body • blunted none Up wo. u*td 

L ILinto to poBible effect, of to ■**»“““" 

the geonteteiea of to different bl.tog «to 

were teBed, u«d thereby ttceentote to effect, ol 

blowing. 


Blowing Nossles 

Table 2 shows the blowing nossles that were manu- 
factured for this research. Each blowing , nos.le w« 
constructed of brass and was sccurriy fitted to 
own nose tip. The geometric mean height ofth ' no *' 
zle exit orifice, y/d, was used as a measure of the 
effective height from the surface of the body to the 
geometric center of the jet as it exits the blowing 
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nossle. The effective width of the jet was charac- 
terised by Zyj^Jdi which represents the maxim am 
width of the exit orifice. Blowing nosiles 1 - 5 all 
had the same exterior dimensions of 0.25cm high, 
0.44cm wide and 0.51cm long. Each nossle exit ori- 
fice had the same cross-sectional area, but differ- 
ent geometries. Nossle 1 was a semi-ellipse with a 
horisontal major axis; 2 was a semi-circle with a 
horisontal axis; 3 was an ellipse with a horisontal 
major axis; 4 was a semi-ellipse with a horisontal 
minor axis, and 5 was a full circle. The numerical 
designation of the blowing nossles, 1-5, indicated 
an ascending geometric mean height. For some test 
cases, a blank nossle was positioned at a symmet- 
ric location to the blowing nossle with respect to 
the windward ray. The purpose of this blank nos- 
zle was to provide an initial vortex pattern that was 
less asymmetric when compared with a single nos- 
zle being placed on the modeL These blank nossles 
were of the same exterior dimensions as the blow- 
ing nossles and were glued directly onto the model 
surface. 

Nossle Calibration 

A method of calibrating the blowing nossles was de- 
veloped to determine the level of blowing. A simple 
calibration apparatus, shown in Figure 5, was as- 
sembled for this purpose. It consisted of a pressure 
regulator used to vary the plenum stagnation pres- 
sure; a pressure transducer to measure the plenum 
pressure; and an in-line flow meter positioned be- 
tween the plenum and the blowing nossle to mea- 
sure the volumetric flow rate of the jet. Prior to 
the nossle calibration, the pressure drop across the 
flow meter was measured, and was observed to be 
negligible. Each section of tubing used in the cal- 
ibration procedure was of the same length as that 
used during the subsequent wind tunnel testing. 

From the calibration apparatus, the stagnation pres- 
sure and volumetric flow rate were measured while 
the stagnation temperature was taken to be the am- 
bient laboratory temperature. The blowing coeffi- 
cient, C M , was then calculated where Ar % f was taken 
to be 40(x\D*/4). This reference area was chosen to 
enable comparison of the blowing coefficient with 
previous researches. 

Test Instrumentation tc Parameters 
Surface pressures were measured using a pair of 


8.9cm of water Validyne differential pressure trans- 
ducers connected to a pair of 48-port Scanivalve 
modules and a Hewlett-Packard 9122 computer. 
The transducers' sampling time was 0.167 seconds, 
and thus time averaged pressures were obtained. 

Wind tunnel testing was conducted at a free stream 
velocity of 13.7 m/s. This corresponded to a lami- 
nar flow Reynolds numbers, based on the model base 
diameter, of 84000. The angle of attack was varied 
from 40° to 60° in 10° increments, while sideslip was 
held constant at 0°. C M ’s investigated ranged from 
0.01 to 0.02 for group B. A test case with the blow- 
ing nossle sealed, Le. C M = 0, was also investigated. 
The asimuthal locations of the blowing nossles were 
90°, 120°, and 150° for the single nossle configura- 
tion, while the 90° and 120° locations were tested 
for the double nossle configuration. 

Results and Discussion 

Tables 3 and 4 show the test cases and correspond- 
ing figures for the single and double nossle config- 
urations respectively. Each figure consists of the 
surface pressure data for all 5 blowing nossles. Al- 
though a detailed discussion of the results is not pre- 
sented here, interesting features regarding the data 
are noted. (For a more thorough analysis of the 
present data references 19 - 22 are suggested.) 

The following observations were made from the data 
presented in this report. (i)When comparing the 
blowing cases with the non-blowing cases it was 
observed that aft blowing was effective in reducing 
the initial vortex asymmetry. Ait blowing moved 
the blowing-side vortex closer to the surface of the 
model while the non-blowing-aide vortex moved far- 
ther away from the body. It was also observed that 
blowing moved the separation location of the viscous 
layer from the body to a more leeward location, (ii) 

As the angle of attack was varied aft blowing was 
observed to be more effective at the higher «i gW 
of attack than at the lower. It is believed that this 
was due to the more effective augmentation of the 
axial flow component over the model as the angle 
of attack was increased, (iii) Localised differences in 
the C p distributions were observed as was varied. 
The effect of increasing the magnitude of the blow- 
ing coefficient was to move the blowing-side vortex 
closer to the model surface over a shorter axial dis- 
tance. (iv)Finally low, broad nossle cross-sectional 
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exit geometries were observed to be more effective 
in reducing forebody vortex asymmetry than high, 
narrow cross-sections. This is consistent with the 
optimal conditions for the entrainment of the fore- 
body flow by blowing, since the jet surface area is 
then maximum. This supports the previously pro- 
posed control mechanism of jet entrainment effects 
being responsible for forebody vortex control using 
aft blowing. 


Conclusions 


An experimental study has been conducted to ex- 
amine the effectiveness of aft blowing as a method 
of forebody vortex control. A 3.0 caliber tangent 
ogive model fitted with a cylindrical afterbody was 
tested in subsonic, laminar flow conditions. Test- 
ing was conducted using both a single nossle and 
a double nossle configuration; for the double nossle 
configuration, blowing was applied through only one 
nozzle. Blowing was optimised when a low, broad 
nossle was used, when the blowing coefficient was 
maximized, and the model was at the highest angle 
of attack. The experimental results presented here 
will be useful for comparison with computational 
methods. 

North Carolina State University 
Raleigh, NC 27695-7910 
May 1, 1992 
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Table 1 - Pressure Port Locations 
























































Table 4 - Test Matrix 
Double Nozzle Configuration 
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(1) Blowing is initiated. 

(2) Separation is moved leeward 
due to entrainment. 

(3) Blowing-side vortex moves 
towards body. 

(4) Non-blowing side vortex moves 
away from body. 

(5) Separation is moved windward. 


Figure 



1 _ Effects of Aft Blowing on 


the Leeside Vortices (ref. 14) 
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Figure 2 North Carolina State University Subsonic Wind 



Figure 3 - 3.0 Caliber Tangent Ogive Model 
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Figure 7 - Pressure Coefficients 
a = 40°, <(>j = 90°, = .02 





























































Figure 7 (continued) - Pressure Coefficients 
a = 40°, 4>j = 90° " 


£ 7 „ = .02 


















































































































































































































22 



Figure 9 (continued) - Pressure Coefficients 
a = 40°, <t>j = 120°, <7„ = -01 
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Figure 10 (continued) - Pressure Coefficients 
a = 40 °, 4>j = 120 °, — -02 
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Figure 12 - Pressure Coefficients 
a = 40°, <f>j = 150°, = .02 
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Figure 13 (continued) - Pressure Coefficients 
a = 50°, <t>j — = 








































































































































Figure 14 (continued) - Pressure Coefficients 
a = 50°, <t> j = 90°> Cp = -02 
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-.082 -.357 
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.584 .350 
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Figure 16 (continued) - Pressure Coefficients 
a = 50°, <f>j — 120°, Cp = -01 



























































































Pressure 

Blowing Nozzle 

Port 

1 

I^EH 


■EH 


43 





ima 

44 

-1.362 

-1.344 

-1.385 

-1.525 

-1.346 

45 

-1.147 

-1.123 

-1.215 

-1.309 

-1.119 

46 

-.665 

-.658 

-.761 

-.738 

-.647 

47 

-.112 

-.080 

-.206 

-.156 

-.083 

48 

.315 

.329 

.245 

.279 

.320 

49 

.660 

.639 

.640 

.654 

.623 

50 

.568 

.562 

.582 

.548 

.541 

51 

.410 

.408 

.479 

.418 

.381 

52 

.104 

.118 

.204 

.110 

.094 

53 

-.327 

-.304 

-.206 

-.289 

-.311 

54 

-.686 

-.665 

-.564 

-.615 

-.649 

55 

-1.206 

-1.182 

-1.078 

-1.097 

-1.240 

56 

-1.415 

-1.390 

-1.302 

-1.247 

-1.418 

57 

-1.721 

-1.696 

-1.654 

-1.490 

-1.581 

58 

-1.58T 1 

-1.572 

-1.570 

-1.307 

-1.442 

59 

-1.652 

-1.590 

-1.612 

-1.427 

-1.433 

60 

-1.536 

-1.500 

-1.492 

-1.297 

-1.360 

61 1 

-1.684 

-1.630 

-1.626 

-1.459 

-1.514 

62 

-1.742 

-1.681 

-1.621 

-1.541 

-1.598 

63 

-1.796 

-1.628 

-1.739 

-1.509 

-1.258 

64 

-.904 

-.892 

-.914 

-.881 

-.799 

65 

-.877 

-1.454 

-1.624 

-.817 

-1.061 

66 

-.632 

-.678 

-.694 

-.720 

-.800 

67 

-.849 

-.841 

-.947 

-.951 

-.856 

68 

-1.079 

-1.105 

-.962 

-1.155 

-1.107 

69 

-1.222 

-1.202 

-1.266 

-1.228 

-1.199 

70 

-1.139 

-1.126 

-1.114 

-1.170 

-1.166 

71 

-1.087 

-1.127 

-1.174 

-1.252 

-1.122 

72 

-1.035 

-1.036 

-1.052 

-1.212 

-1.085 

73 

-1.077 

-1.075 

- 1.111 

-1.304 

-1.097 

74 

-1.024 

-1.021 

-1.025 

-1.205 

-1.049 

75 

-1.079 

-1.070 

-1.103 

-1.285 

-1.101 

76 

-1.047 

-1.045 

-1.042 

-1.264 

-1.099 

77 

-1.237 

-1.182 

-1.239 

-1.466 

-1.236 

78 

-1.114 

-1.081 

-1.153 

-1.261 

-1.123 

79 

-1.019 

-1.016 

-1.092 

-1.152 

-1.007 

80 

-.707 

-.709 

-.804 

-.763 

-.696 

81 

-.364 

-.386 

-.481 

-.424 

-.365 

82 

-.023 

-.044 

-.131 

-.056 

-.027" 

83 

.340 

.319 

.235 

.317 

.308 

84 

.507 

.490 

.431 

.477 

.475 


Figure 17 (continued) - Pressure Coefficients 
a = 50°, (f>j = 120°, Cft — .02 
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Figure 18 (continued) - Pressure Coefficients 
a = 50°, <t>j — 150°, Cfx — -01 
























































































































































































*■ «.«** 

Pressure 

Blowing Nozzle v 


Port 

n| 

warn 

mi 


Bywi 

43 

smm 

BEmai 

ehhii 


msa 

44 

-1.663 

-1.397 

-1.580 

-1.633 

-1.688 

45 

-1.410 

-1.167 

-1.337 

-1.427 

-1.441 

46 

-.820 

-.657 

-.822 

-.910 

-.921 

47 

-.099 

-.011 

-.130 

-.204 

-.210 

48 

.401 

.434 

.367 

.334 

.311 

49 

.782 

.775 

.776 

.764 

.764 

5 0 

.757 

.742 

.778 

.809 

.784 

51 

.491 

.444 

.537 

.578 

.559 

52 

.111 

.044 

.153 

.265 

.224 

53 

-.303 

-.384 

-.266 

-.144 

-.173 

54 

-.918 

-1.011 

-.838 

-.708 

-.760 

55 

-1.296 

-1.382 

-1.232 

-1.104 

-1.148 

56 

-1.780 

-1.920 

-1.741 

-1.641 

-1.617 

57 

-1.864 

-2.005 

-1.875 

-1.775 

-1.767 

58 

-1.806 

-2.043 

-1.861 

-1.765 

-1.708 

59 

-1.783 

-1.942 

-1.821 

-1.704 

-1.681 

60 

-1.787 

-2.061 

-1.892 

-1.815 

-1.726 

61 

-1.6661 

-1.878 

-1.768 

-1.661 

-1.588 

62 

-1.895 

-1.978 

-1.860 

-1.782 

-1.738 

63 

-1.668 

-1.834 

-1.718 

-1.655 

-1.887 

64 

-2.015 

-2.316 

-2.254 

-2.313 

-2.235 

65 

-1.083 

-1.214 

-1.473 

-1.665 

-1.427 

66 

-1.305 

-1.324 

-1.240 

-1.221 

-1.237 

67 

-1.241 

-1.191 

-1.224 

-1.222 

-1.242 

68 

-1.331 

-1.272 

-1.191 

-1.178 

-1.265 

69 

-1.207 

-1.125 

-1.122 

-1.078 

-1.180 

70 

-1.200 

-1.053 

-1.071 

-1.096 

-1.138 

71 

-1.053 

-.914 

-.977 

-.978 

-1.014 

72 

-1.072 

-.905 

-.995 

-.990 

-1.071 

73 

-1.003 

-.852 

-.952 

-.942 

-1.012 

74 

-1.027 

-.877 

-.951 

-.988 

-1.014 

75 

-.962 

-.807 

-.893 

-.915 

-.962 

76 

-.992 

-.848 

-.921 

-.972 

-.977 

77 

-1.021 

-.869 

-.929 

-.960 

-.995 

78 

-1.107 

-.973 

-1.053 

-1.123 

-1.126 

79 

-.933 

-.806 

-.909 

-.969 

-.976 

80 

-.688 

-.589 

-.691 

-.789 

-.760 

81 

-.316 

-.244 

-.342 

-.430 

-.407 

82 

.099 

.176 

.072 

-.025 

.018 

83 

.417 

.460 

.389 

.309 

.347 

84 

.757 

.782 

.729 

.689 

.692 


Figure 20 (continued) - Pressure Coefficients 
a — 60°, 4>j — 90°, C,t = .01 



















































































Pressure 

Blowing Nozzle 

Port 

1 

2 

3 

4 

5 

43 

-1.673 

-1.588 

-1.718 

-1.770 

-1.758 

44 

-1.593 

-1.491 

-1.612 

-1.712 

-1.720 

45 

-1.350 

-1.225 

-1.419 

-1.513 

-1.461 

46 

-.805 

-.716 

-.850 

-.967 

-.950 

47 

-.101 

-.035 

-.161 

-.266 

-.217 

48 

.385 

.413 

.343 

.283 

.308 

49 

.774 

.763 

.752 

.756 

.769 

50 

.739 

.733 

.779 

.821 

.774 

51 

.476 

.458 

.511 

.592 

.553 

52 

.084 

.037 

.178 

.280 

.202 

53 

-.337' 

-.387 

-.237 

-.125 

-.206 

54 

-.930 

-.990 

-.843 

-.692 

-.755 

55 

-1.317 

-1.369 

-1.211 

-1.082 

-1.158 

56 

-1.807 

-1.904 

-1.738 

-1.497 

-1.651 

57 

-1.905 

-2.010 

-1.822 

-1.593 

-1.819 

58 

-1.854 

-1.982 

-1.900 

-1.606 

-1.821 

59 

-1.805 

-1.902 

-1.766 

-1.557 

-1.742 

60 

-1.819 

-2.020 

-1.946 

-1.775 

-1.766 

61 

-1.712 

-1.846 

-1.852 

-1.644 

-1.730 

62 

-1.872 

-2.048 

-1.942 

-1.772 

-1.861 

63 

-1.751 

-1.887 

-1.796 

-1.690 

-2.074 

64 

-1.659 

-1.674 

-1.807 

-1.719 

-1.574 

65 

-.968 

-1.039 

-1.028 

-1.532 

-1.063 

66 

-1.228 

-1.179 

-1.237 

-1.416 

-1.150 

67 

-1.207 

-1.149 

-1.138 

-1.426 

-1.151 

68 

-1.386 

-1.374 

-1.324 

-1.412 

-1.275 

69 

-1.209 

-1.216 

-1.152 

-1.264 

-1.157 

70 

-1.180 

-1.124 

-1.165 

-1.216 

-1.200 

71 

-1.044 

-.976 

-1.006 

-1.068 

-1.068 

72 

-1.034 

-.948 

-1.080 

-1.071 

-1.122 

73 

-.990 

-.905 

-1.005 

-1.012 

-1.076 

74 

-1.006 

-1.011 

-1.064 

-1.040 

-1.104 

75 

-.951 

-.944 

-.968 

-.942 

-1.054 

76 

-1.023 

-.982 

-1.039 

-.983 

-1.088 

77 

-1.085 

-1.039 

-1.031 

-.937 

-1.123 

78 

-1.126 

-1.037 

-1.167 

-1.135 

-1.218 

79 

-.954 

-.861 

-.966 

-.975 

-1.059 

80 

-.687 

-.620 

-.764 

-.822 

-.817 

81 

-.317 

-.267 

-.375 

-.449 

-.449 

82 

.102 

.156 

.028 

-.042 

-.015 

83 

.421 

.441 

.351 

.305 

.334 

84 

.737 

.760 

.725 

.687 

.689 


Figure 21 (continued) - Pressure Coefficients 
a = 60°, <t>j = 90°, = .02 













































































































































Figure 23 - Pressure Coefficients 
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Figure 25 (continued) - Pressure Coefficients 
a = 60°, <j>j = 150°, = -01 
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Figure 26 - Pressure Coefficients 
a = 60°, = 150°, = .02 



















































































































































F: 















































































































































































































































































































































































































































Pressure 

Blowing Nozzle 


Port 

i 

2 

3 . 1 


MMI 

43 


im 




44 






45 

-.958 

-.891 

-.849 

-.915 

-.868 

46 

-.597 

-.539 

-.467 

-.560 

-.511 

47 

-.148 

-.117 

-.040 

-.124 

-.053 

48 

.194 

.204 

.264 

.197 

.255 

49 

.430 

.437 

.436 

.440 

.450 

50 

.412 

.387 

.381 

.402 

.395 

51 

.355 

.319 

.274 

.337 

.302 

52 

.178 

.109 

.074 

.142 

.103 

53 

-.080 

-.172 

-.211 

-.112 

-.176 

54 

-.314 

-.434 

-.444 

-.353 

-.413 

55 

-.639 

-.791 

-.758 

-.683 

-.738 

56 

-.794 

-.963 

-.879 

-.829 

-.870 

57 

-.949 

-1.236 

-1.027 

-1.025 

-1.007 

58 

-.867 

-1.215 

-.920 

-.929 

-.910 

59 

-.885 

-1.250 

-.951 

-.968 

-.938 

60 

-.830 

-1.148 

-.883 

-.894 

-.875 

61 

-.924 

-1.194 

-.986 

-.994 

-.977 

62 

-.865 

-1.165 

-.907 

-.937 

-.912 

63 

-.941 

-.844 

-1.009 

-.963 

-.993 

64 

-.901 

-.565 

-.920 

-.944 

-.931 

65 

-.977 

-.498 

-.984 

-1.022 

-1.004 

66 

-.909 

-.397 

-.975 

-.918 

-1.003 

67 

-.587 

-.477 

-.580 

-.618 

-.596 

68 

-.601 

-.659 

-.742 

-.678 

-.756 

69 

-1.030 

-1.049 

-1.035 

-.991 

-.997 

70 

-1.016 

-.941 

-.971 

-.910 

-.952 

71 

-1.250 

-1.037 

-1.015 

-1.036 

-1.001 

72 

-1.067 

-.883 

-1.016 

-1.014 

-1.045 

73 

-1.126 

-.934 

-1.013 

-1.028 

-1.025 

74 

-1.019 

-.834 

-.954 

-.965 

-.991 

75 

-1.061 

-.897 

-1.003 

-1.005 

-1.027 

76 

-1.058 

-.865 

-1.010 

-.999 

-1.057 

77 

-1.185 

-1.012 

-1.119 

-1.132 

-1.141 

78 

-1.090 

-.917 

-.987 

-1.027 

-1.036 

79 

-.994 

-.862 

-.882 

-.951 

-.902 

80 

-.741 

-.628 

-.609 

-.694 

-.641 

81 

-.468 

-.388 

-.337 

-.438 

-.370 

82 

-.184 

-.131 

-.064 

-.154 

-.105 

83 

.108 

.150 

.193 

.128 

.184 

84 

.274 

.288 

.325 

.286 

.319 


Figure 30 (continued) - Pressure Coefficients 
a = 40°, <f>: = 120°, <f>b = 240°, C„ = .00 


















































































Figure 31 (continued) - Pressure Coefficients 
a = 40 °, <f>4 = 120 °, fa = 240 °’ c * = 01 
























































































































































Pressure 

Blowing Nozzle 


Port 

1 1 

2 

3 

4 

5 

43 

msm\ 



-1.293 

-1.147 

44 

-1.025 

-1.033 

-.982 

-1.139 

-.999 

45 

-.845 

-.880 

-.774 

-.978 

-.814 

46 

-.504 

-.560 

-.414 

-.584 

-.434 

47 

-.092 

-.116 

.004 

-.142 

-.011 

48 

.224 

.206 

.289 

.192 

.279 

49 

.439 

.435 

.445 

.439 

.454 

50 

.381 

.413 

.360 

.386 

.371 

51 

.284 

.339 

.224 

.313 

.247 

52 

.071 

.153 

-.005 

.108 

.0X8 

53 

-.220 

-.110 

-.317 

-.160 

-.288 

54 

-.492 

-.360 

-.588 

-.408 

-.539 

55 

-.846 

-.707 

-.928 

-.734 

-.898 

56 

-1.024 

-.870 

-1.090 

-.881 

-1.036 

57 

-1.270 

-1.084 

-1.298 

-1.117 

-1.267 

58 

-1.248 

-1.007 

-1.231 

-1.041 

-1.181 

59 

-1.260 

-1.029 

-1.236 

-1.056 

-1.200 

60 

-1.181 

-.965 

-1.163 

-.978 

-1.110 

61 

-1.208 

-1.058 

-1.223 

-1.060 

-1.194 

62 

-1.253 

-.994 

-1.237 

-1.071 

-1.164 

63 

-.862 

-1.104 

-.691 

-.775 

-.651 

64 

-.623 

-1.061 

-.697 

-.524 

-.616 

65 

-.527 

-1.163 

-.532 

-.440 

-.524 

66 

-.426 

-1.162 

-.513 

-.392 

-.433 

67 

-.491 

-.596 1 

-.535 

-.452 

-.533 

68 

-.726 

-.687 

-.827 

-.728 

-.781 

69 

-1.125 

-.937 

-1.201 

-1.047 

-1.083 

70 

-.973 

-.888 

-1.033 

-1.031 

30 

=3 

o 

• 

r-H 

i 

71 

-1.000 

-1.080 

-.997 

-1.046 

-.966 

72 

-.898 

-.891 

-.914 

-1.053 

-.931 

73 

-.904 

-.979 

-.884 

-1.049 

-.913 

74 

-.846 

-.869 

-.836 

-.990 

-.862 

75 

-.875 

-.907 

-.870 

-1.042 

-.903 

76 

-.883 

-.889 

-.898 

-1.043 

-.918 

77 

-.991 

-1.023 

-.981 

-1.173 

-1.021 

78 

-.918 

-.958 

-.877 

-1.036 

-.905 

79 

-.817 

-.889 

-.755 

-.951 

-.794 

80 

-.592 

-.668 

-.520 

-.677 

-.543 

81 

-.337 

-.407 

-.250 

-.416 

-.276 

82 

-.087 

-.140 

-.005 

-.141 

-.025 

83 

.181 

.140 

.241 

.153 

.244 

84 

.314 

.294 

.345 

.291 

.348 


Figure 32 (continued) - Pressure Coefficients 
a = 40°, (t>j = 120°, <(>b = 240°, C ^ = .02 






Figure 33 - Pressure Coefficients 
a = 50°, fa = 90°, fa = 270°, = 
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Pressure 

Blowing Nozzle 

Port 

i 

2 

3 

4 

5 

43 

Dm 

-1.409 


B if i»i 

-1.416 

44 


-1.192 



-1.221 

45 

-1.000 

-.994 


-1.208 

-.876 


mm 



-.643 

-.274 

mm- 



m m 

-.044 

.092 

48 

.401 


.345 

.356 

.451 

49 





.604 

50 

iKIi 

■KfH 



.526 

51 

K 

.191 


.325 

.262 

52 

-.009 

-.066 

.053 

.008 

-.102 

53 

-.363 

-.419 

-.301 

-.342 

-.454 

54 

-1.012 

-.929 

-.813 

-.844 

-.984 

55 


-1.194 

-1.136 


-1.278 

56 


-1.664 



-1.706 

57 

-1.710 

-1.668 

-1.716 

-1.568 

-1.743 

58 


-1.695 

-1.775 

-1.534 

-1.709 

59 

-1.591 

-1.536 

-1.622 

-1.439 

-1.614 

60 


-1.716 

-1.763 

-1.579 

-1.724 

61 

BBSS® 


-1.643 

-1.515 

-1.669 

62 

illlu 

-1.774 


-1.843 

-1.805 

63 

-1.601 

-1.587 

-1.615 

-1.518 

-1.674 

64 


-.773 

-.814 

-.833 

-.806 

65 

-.789 

-.811 


-.869 

-.879 

66 


-.788 

-.729 

-.890 

-.781 

67 _l 

-.895 

-.942 

-.875 


-.964 

68 


-1.188 



-1.154 

69 

mmml 


mm*m 


-1.021 

■nj^K 



-1.090 


-1.070 

KM 

-.945 

-.872 

-.938 


-.912 


-.954 


-.933 

-1.166 

-1.004 


-.895 

-.886 

-.888 


-.929 

74 

-.946 

-.987 

-.938 

BE 3 

-.987 

75 

-.893 

-.902 

-.884 

-1.049 

-.932 


-.974 

■n&lK 

-.950 

-1.218 

-1.047 


-1.012 


-.995 

-1.185 

-1.054 

| 

-1.018 

mm 

-1.042 


-1.028 

79 

-.837 


-.862 

-.935 

-.806 

80 

-.559 

-.544 

-.631 

-.663 

-.527 

81 

-.235 

-.215 

-.311 

-.296 

-.200 

82 

.111 


m 

.077 

.165 

83 

.346 

.354 


.327 

.387 

84 

.613 


.591 

.603 

.628 


Figure 35 (continued) - Pressure Coefficients 
q = 50°, <f)j = 90° , fa = 270°, C„ = .02 
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Figure 38 (continued) - Pressure Coefficients 

a = 50°, fa = 120°, <1*, = 240°, C M = .02 






























































Pressure 

Blowing Nozzle 


Port 

i 

2 

3 

4 

5 

43 

-2.241 

-1.993 

-2.024 

-2.285 

-2.407 

44 

-1.983 

-1.781 

-1.891 

-1.984 

-2.002 

45 

-1.717 

-1.522 

-1.669 

-1.725 

-1.762 

46 

-1.051 

-.870 

-1.053 

-1.024 

-.969 

47 

-.254 

-.142 

-.321 

-.264 

-.208 

48 

.311 

.380 

.253 

.299 

.346 

49 

.758 

.773 

.729 

.745 

.750 

50 

.815 

.806 

.834 

.815 

.812 

51 

.601 

.559 

.645 

.589 

.556 

52 

.344 

.234 

.401 

.324 

.288 

53 

.022 

-.127 

.065 

-.010 

-.047 

54 

-.384 

-.550 

-.355 

-.382 

-.400 

~ 55 

-.592 

-.808 

-.617 

-.573 

-.573 

56 

-.692 

-1.083 

-.839 

-.672 

-.630 

57 

-.630 

-.982 

-.745 

-.604 

-.574 

58 

-.714 

-.997 

-.860 

-.705 

-.682 

59 

-.739 

-1.031 

-.911 

-.706 

-.683 

60 

-.703 

-1.019 

-.817 

-.684 

-.685 

61 

-.666 

-.976 

-.781 

-.636 

-.652 

62 

-.730 

-1.037 

-.813 

-.731 

-.699 

63 

-.723 

-1.039 

-.871 

-.833 

-.876 

64 

-.791 

-1.020 

-.883 

-.859 

-.923 

65 

-.765 

-.949 

-.826 

-.875 

-.992 

66 

-.990 

-.663 

-.683 

-1.106 

-1.282 

67 

-1.292 

-1.010 

-.847 1 

-1.247 

-1.359 

68 

-1.576 

-1.818 

-1.748 

-1.423 

-1.533 

69 

-1.443 

-1.770 

-1.655 

-1.375 

-1.449 

70 

-1.615 

-2.153 

-1.902 

-1.600 

-1.620 

71 

-1.562 

-1.749 

-1.672 

-1.536 

-1.520 

72 

-1.722 

-1.947 

-1.720 

-1.646 

-1.646 

73 

-1.655 

-1.678 

-1.578 

-1.561 

-1.521 

74 

-1.775 

-1.634 

-1.698 

-1.786 

-1.817 

75 

-1.677 

-1.531 

-1.569 

-1.675 

-1.672 

76 

-1.957 

-1.730 

-1.757 

-1.989 

-1.913 

77 

-1.863 

-1.736 

-1.732 

-1.881 

-1.787 

78 

-1.839 

-1.709 

-1.834 

-1.897 

-1.899 

79 

-1.490 

-1.382 

-1.539 

-1.495 

-1.460 

80 

-1.130 

-1.005 

-1.198 

-1.111 

-1.069 

81 

-.622 

-.515 

-.700 

-.604 

-.555 

82 

-.116 

-.049 

-.216 

-.092 

-.048 

83 

.269 

.319 

.189 

.282 

.313 

84 

.688 

.723 

.629 

.686 

.724 


Figure 39 (continued) - Pressure Coefficients 

a = 60°, fa = 90°, fa = 270°, = .00 





Figure 40 - Pressure Coefficients 
a = 60°, <ftj = 90°, fa = 270°, = 



















































































































































































































































































































































































































































































































Pressure 

Port 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 



56 

43 


- 1.844 


504 

400 

936 


• 2.486 

- 2.323 

- 2.462 


- 2.423 

- 1.542 

- 1.557 


167 

292 

229 


.342 


326 

182 


1.573 


1.965 

468 

189 


-.74 

- 1.67 

- 2.020 


- 2.369 

- 1.822 

- 1.548 


1.749 

1.861 

1.362 






1.652 


87 

42 

83 


- 2.212 

- 1.205 

- 1.276 


- 1.350 


289 

301 


- 1.178 


.806 

.578 

.068 


-.650 

• 1.585 

- 2.029 


- 2.523 

- 2.321 

- 2.508 


- 2.331 

- 1.537 

- 1.651 


- 1.279 



- 1.303 


575 

222 

101 


647 

937 

689 


1.0 

2.3 

2.1 


- 2.313 

- 1.955 

- 1.654 


-.932 

-.190 

.371 


.752 

.667 

.364 


221 

052 

440 


723 

652 

795 


- 1.843 

- 1.115 

- 1.211 


281 

288 

435 


- 1.454 

- 1.555 

- 1.467 


857 

649 

196 


514 

329 

635 


942 

459 


1.440 


-.694 

1.088 

-.658 



- 1.360 





































































Figure 44 (continued) - Pressure Coefficients 
at = 60°, (f>j = 120°, <j>b = 240°, C ^ — .02 





































































